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HIGHLIGHTS 


►  Single  crystalline  spinel  LiMn204  film  was  prepared  from  MnO  wafer. 

►  LiMn204(100),  (110)  and  (111)  films  were  formed  on  MnO(lOO),  (110)  and  (111)  wafers. 

►  Atomically  flat  terraces  with  steps  of  a  minimum  height  of  about  0.5  nm  were  confirmed  on  the  (111)  film  surface. 

►  Prepared  (111)  film  showed  two-steps  charge— discharge  voltage  profile  that  is  typical  electrochemical  behavior  of  LiMn204. 
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Spinel  LiMn204  is  a  very  promising  material  for  positive  electrodes  in  a  wide  range  of  Li-ion  battery 
applications  due  to  its  lower  cost  and  more  environmental  friendliness  than  any  other  electrode  ma¬ 
terials.  Although  the  bulk  properties  of  LiMn204  have  been  studied  intensively,  there  have  been  few 
reports  about  the  structure  and  properties  of  LiMn204  surfaces  in  spite  of  the  importance  of  solid/ 
electrolyte  interfaces.  This  is  caused  by  the  difficulty  in  preparing  LiMn204  samples  with  accessible  flat 
surfaces  suitable  for  atomistic  observations.  To  address  this,  we  have  successfully  prepared  a  single 
crystalline  LiMn204  film  with  an  atomically  flat  surface  by  solid-state  reaction  from  a  MnO  wafer  with 
Li0H.H20  powder.  X-ray  diffraction  (XRD)  reveals  the  single  crystalline  growth  of  LiMn204  films 
depending  on  the  orientation  of  a  MnO  wafer.  Atomic  force  microscopy  observations  revealed  that 
a  LiMn204  (111)  film  has  an  atomically  flat  surface  with  steps  of  a  {111}  interlayer  height.  Electron 
energy-loss  spectroscopy  (EELS)  study  of  the  (111)  film  revealed  that  the  sample  consists  of  Li,  Mn3+  and 
Mn4+  with  a  composition  similar  to  LiMn204.  The  (111)  film  sample  is  also  investigated  by  cyclic  vol¬ 
tammetry  and  galvanostatic  experiments,  revealing  that  a  crushed  powder  sample  from  the  film  has 
electrochemical  activity  as  usual  positive  electrode  material. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  manganese  spinel,  LiMn204,  is  one  of  the  most  promi¬ 
nent  cathode  materials  for  rechargeable  lithium  batteries  due  to  its 
low  cost  and  environmental  friendliness  [1,2].  LiM^CU  has  cubic 
spinel  structure  (space  group:  Fd-3m),  where  oxygen  ions  form 
a  cubic-close-packed  lattice,  and  Li  and  Mn  ions  are  located  at 
tetrahedral  (8a)  and  octahedral  (16d)  sites,  respectively.  Electro¬ 
chemical  extraction  of  Li  ions  from  the  tetrahedral  site  occurs  at  4  V, 
associated  with  the  phase  change  of  LiM^CU  with  the  average  Mn 
valence  of  +3.5  to  X-Mn02  with  Mn4+. 

Many  studies  of  LiMn204  deal  with  its  electrochemical  charac¬ 
teristics  in  lithium  cells  [1-3]  as  well  as  its  structural  and  physical 
properties  [4-7]  by  X-ray  diffraction,  [8,9]  neutron  diffraction, 
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[7,10]  nuclear  magnetic  resonance,  [8,11,12]  XAFS  [6,13,14],  mag¬ 
netism  [5,15]  and  Raman  spectroscopy  [16].  Studies  on  the  bulk 
properties  have  been  contributed  to  a  better  understanding  of  the 
reaction  mechanism  in  the  bulk  electrode.  However,  it  is  also 
important  to  investigate  the  electrochemical  reaction  at  the  elec¬ 
trode  surface,  so  as  to  improve  the  power  and  calendar-life  char¬ 
acteristics  ofLiMn204  [17,18].  Thus,  a  lot  of  studies  focusing  on  the 
surface  properties  have  been  performed  by  using  spectroscopy  or 
microscopy  techniques  such  as  surface  X-ray  diffraction  [19,20],  X- 
ray  photoelectron  spectroscopy  [21,22],  IR  spectroscopy  [23,24], 
and  scanning  probe  microscopy  (SPM)  [25-28].  Especially,  the  SPM 
observation  allows  us  to  obtain  the  direct  image  of  the  electrode¬ 
surface  structure  at  nano-  or  atomic  scales,  and  so  it  should  pro¬ 
vide  deep  insights  into  the  electrochemical  surface  reaction,  which 
cannot  be  obtained  by  usual  spectroscopic  investigations. 

To  perform  the  SPM  observation,  sample  surfaces  should  be  as 
flat  as  possible  to  obtain  images  with  high  resolution.  However,  it  is 
difficult  to  prepare  LiMn204  films  with  atomically  flat  surfaces  by 
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epitaxial  methods  or  by  any  other  thin-film  preparation  methods, 
because  the  crystallinity  or  morphology  of  a  film  seriously  depends 
on  various  conditions  such  as  substrates,  temperature  and  atmo¬ 
sphere.  It  is  highly  desirable  to  prepare  a  well-characterized 
LiMn204  single  crystalline  film  with  atomically  flat  surfaces,  but 
such  single  crystalline  films  with  good  quality  have  not  yet  been 
synthesized. 

In  our  preceding  study,  we  developed  the  method  to  prepare 
a  LUTisO^  film  on  a  Ti02  wafer  surface  by  using  conventional  solid- 
state  reaction  [29].  This  preparation  method  enables  us  to  obtain 
a  single  crystalline  film  with  high  quality  and  well-defined  atomi¬ 
cally  flat  surfaces  suitable  for  SPM  observation.  In  the  present  study, 
we  apply  this  scheme  to  obtain  a  single  crystalline  LiMn204  film  on 
a  MnO  wafer. 

2.  Materials  and  methods 

A  LiMn204  crystal  is  formed  on  a  MnO  wafer  by  conventional 
solid-state  reaction.  Because  both  the  LiMn204  and  MnO  (space 
group:  Fm-3m,  a  =  4.45  A)  crystals  belong  to  the  cubic  system,  it  is 
considered  that  the  growth  orientation  of  a  LiMn204  crystalline 
film  can  be  controlled  by  selecting  the  surface  orientation  of  a  MnO 
wafer.  Thus  we  used  (100),  (110)  and  (111)  wafers  of  MnO  single 
crystals  (purchased  from  Crystal  Base  Co.,  Ltd)  of  2  x  2  x  0.5  mm3 
with  one  side  polished.  Each  wafer  was  cleaned  in  acetone  by  ul¬ 
trasonic  cleaner,  and  was  calcined  at  1173  K  for  15  h  in  air  using  an 
alumina  crucible  with  LiOH.F^O  powder  (Wako,  LTD)  to  produce 
LiMn204.  After  calcinations,  a  film  of  about  150  pm  thickness  was 
formed  on  a  MnO  wafer. 

X-ray  diffraction  data  were  recorded  by  intelligent  X-ray  dif¬ 
fractometer  (SmartLab,  Rigaku)  with  Cu  Kal  radiation.  The  beam 
diameter  was  about  10  mm2.  The  orientation  of  the  synthesized 
film  was  characterized  by  out-of-plane  and  pole-figure  measure¬ 
ment  techniques.  The  surface  morphology  and  flatness  of  the  film 
were  investigated  by  atomic  force  microscopy  (AFM)  (NanoNavi-ll, 
SII)  with  DFM  mode.  The  elemental  analysis  of  the  film  was  per¬ 
formed  by  transmission  electron  microscopy  (TEM)  (JEM-3000F, 
JEOL)  equipped  with  electron  energy-loss  spectroscopy  (EELS)  us¬ 
ing  Gatan  imaging  filter  (GIF,  GATAN  Inc.)  at  97  keV. 

The  electrochemical  property  of  the  synthesized  film  was  eval¬ 
uated  by  cyclic  voltammetry  and  galvanostatic  charge-discharge 
experiments.  A  test-type  electrochemical  cell  (HS-cell,  Hohsen 
Corp.)  was  used  for  both  experiments.  The  counter  electrode  was 
constructed  by  a  lithium  foil  and  the  electrolyte  was  a  1:1  mixture 
of  ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC)  con¬ 
taining  1  M  LiPF6.  The  synthesized  (111)  film  was  flaked  from 
a  wafer  and  crushed  for  a  cathode  active  material.  The  electrode 
consists  of  80  wt%  active  material,  10  wt%  ketzen  black,  and  10  wt% 
Teflon  binder.  These  components  were  dispersed  in  ethyl  alcohol 
and  sheeted  by  pressing  and  drying  in  dry  air  for  12  h.  After  the  cells 
were  assembled  in  dry  air,  the  charge-discharge  cycle  was  galva- 
nostatically  carried  out  at  a  rate  of  1/3.2  C  with  a  cut-off  voltage  of 
3.5-4.5  V  (vs  Li/Li+)  for  five  cycles.  The  cyclic  voltammetry  exper¬ 
iments  were  carried  at  a  scan  rate  of  0.05  mV  s-1  for  three  cycles  in 
the  room  temperature. 

3.  Results  and  discussion 

3.1  XRD  measurements  of  synthesized  films 

Fig.  1  shows  the  optical  micrographs  of  the  synthesized  films 
grown  on  MnO  wafers  with  different  orientations.  We  can  see 
continuous  facet  edges  on  each  surface,  which  have  different  fea¬ 
tures  depending  on  the  wafer  orientation.  The  facet  edges  with 
angles  of  90°and  60°are  generated  on  the  films  grown  on  the  MnO 


(100) 


Fig.  1.  Optical  micrographs  of  prepared  films  formed  on  MnO  (100)  (110)  and  (111) 
wafers.  The  pictures  were  acquired  by  Digital  Microscope  at  x500. 


(100)  and  (111 )  wafers,  respectively,  and  the  parallel  facet  edges  are 
observed  on  the  film  grown  on  the  MnO  (110)  wafer.  All  these 
features  indicate  that  a  highly-oriented  single  crystal  with  a  single 
domain  is  formed  as  a  film  in  each  system. 

Fig.  2(A)  shows  the  out-of-plane  XRD  spectra  of  the  synthesized 
films  grown  on  the  MnO  (100),  (110)  and  (111)  wafers  as  lines  (a), 
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Fig.  2.  Out-of-piane  XRD  spectra  of  the  films  formed  on  MnO  wafers  (A).  Spectra  (a), 
(b)  and  (c)  indicate  those  of  the  films  formed  on  the  (100),  (110)  and  (111)  wafers, 
respectively.  An  inset  shows  the  magnification  near  the  (220)  diffraction  position  in 
spectrum  (b).  Pole  figures  of  the  films  formed  on  the  MnO  (100)  (B),  (110)  (C)  and  (111) 
(D)  wafers. 


(b)  and  (c),  respectively.  The  film  formed  on  the  MnO  (100)  wafer 
has  the  strongest  diffraction  line  at  about  43.9°  of  26,  corresponding 
to  the  (400)  diffraction  peak  of  a  spinel  crystal  (a  =  8.240  A).  Other 
small  peaks  marked  by  filled  triangles  ▼  in  line  (a)  are  assigned  as 
those  of  Mn304  (Hausmannite,  spaces  group  of  I4i/amd  ICDD 
PDF#073-6699)  [30].  The  film  formed  on  the  MnO  (100)  wafer  is 
mainly  a  (lOO)-oriented  LiMn204  spinel  crystal,  while  it  contains 
randomly-oriented  Mn304  as  an  impurity  phase. 

In  the  diffraction  spectrum  of  the  film  formed  on  the  MnO  (110) 
wafer  (line  (b)  of  Fig.  2(A)),  the  strongest  peak  at  about  63.8° is 
identified  as  the  (440)  line  of  a  spinel  crystal  (a  =  8.245  A),  while 
the  other  small  peaks  with  filled  triangles  Y  are  assigned  as  those 
of  Mn304,  similarly  to  the  (100)  film.  As  shown  in  the  inset  in 
Fig.  2(A),  there  is  a  diffraction  peak  at  about  30.6°  of  26,  corre¬ 
sponding  to  the  (220)  diffraction  line  of  a  spinel  crystal 
(a  =  8.245  A).  It  can  be  said  that  the  film  formed  on  the  MnO  (110) 
wafer  is  mainly  a  (llO)-oriented  LiMn204  spinel  crystal,  while  it 
contains  a  Mn304  phase,  similarly  to  the  (100)  film. 

In  the  diffraction  spectrum  of  the  film  formed  on  the  MnO  (111) 
wafer  (line  (c)  of  Fig.  2(A)),  the  strongest  diffraction  line  at  about 
18.5°  of  26  is  identified  as  the  (111)  diffraction  peak  of  a  spinel 
crystal  (a  =  8.255  A),  and  we  can  see  the  (222),  (333),  and  (444) 
diffraction  lines  as  the  epitaxial  (111)  film  [19].  All  these  peaks 
indicate  that  the  formed  film  is  basically  a  (lll)-oriented  LiMn204 
single  crystal.  There  is  a  weak  diffraction  peak  marked  by  a  filled 
square  ♦  at  about  17.9°  of  26,  which  is  a  little  smaller  than  the 
angle  of  the  strongest  (111)  line.  Similar  weak  peaks  marked  by 
filled  squares  are  also  observed  in  a  little  lower  side  of  the  angles  of 
the  (222),  (333)  and  (444)  diffraction  lines.  All  these  weak  peaks 
can  be  assigned  as  the  diffraction  of  a  different  spinel  crystal 
(a  =  8.52  A),  Lii.223Mn2.44704  (ICDD  PDF#054-0261,  a  =  8.48  A)  [31  ], 
formed  with  the  same  orientation  as  the  LiMn204  crystal. 

This  impurity  phase  is  also  expressed  as  LiMn203.27,  which 
means  the  deficiency  of  0.73  O  from  the  chemical  composition  of 


LiMn204.  The  formation  of  LiMn203.27  should  be  caused  by  the 
deficiency  in  oxygen  supply  during  the  growth  of  LiM^CU  from  the 
MnO  wafer.  The  ratio  of  O/Mn  has  to  become  twice  as  much  during 
the  formation  of  LiMn204  from  MnO,  and  thus  enough  oxygen  has 
to  be  supplied.  However,  it  is  possible  that  the  oxygen  supply  is  not 
enough  inside  the  film  during  the  growth  process  in  air,  leading  to 
the  formation  of  the  oxygen  deficient  phase  as  LiMn203.27.  Thus  this 
phase  should  exist  rather  deep  inside  the  film,  while  detailed  ex¬ 
amination  is  not  so  easy  at  present.  The  abundance  ratio  of  this 
phase  is  about  1.6%,  evaluated  from  the  peak  intensity  ratio.  Thus 
the  (111)  film  can  be  regarded  to  be  almost  a  single  phase. 

Here,  the  spinel  LiMn204  single  crystal  has  the  lattice  constant  of 
8.248  A  [32],  and  the  spinel  crystal  films  formed  on  the  MnO  (100), 

(110)  and  (111)  wafers  have  similar  values  of  the  lattice  constant. 
Thus  we  conclude  that  LiMn204  (100),  (110)  and  (111)  films  are 
indeed  formed  on  the  MnO  (100),  (110)  and  (111)  wafers,  respec¬ 
tively.  Fig.  2(B)— (D)  shows  the  pole  figures  of  the  (100),  (110)  and 

(111)  films.  Clear  diffraction  spots  are  observed  in  all  the  figures, 
indicating  that  each  film  consists  of  a  single  domain  crystal.  Note 
that  the  spot  size  of  X-ray  is  the  millimeter  scale.  It  can  be  said  that 
highly-oriented  LiMn204  single  crystalline  films  can  be  prepared 
using  a  MnO  wafer,  and  that  the  orientation  of  film  growth  can  be 
controlled  by  selecting  the  orientation  of  a  MnO  wafer. 

The  impurity  phases  as  Mn304  or  Lii.223Mn2.44704  may  exist  as 
different  domains  in  each  film,  while  the  LiMn204  spinel  crystal  in 
each  film  should  be  a  single  crystal  in  a  single  domain  due  to  the 
XRD  measurement  and  surface-facet  observation.  Both  the  Mn304 
and  Lii.223Mn2.44704  phases  should  be  formed  rather  deep  inside 
the  film,  not  near  the  surface.  Mn304  is  considered  to  be  generated 
near  the  MnO  substrate  due  to  the  deficiency  of  Li  supply,  as 
Lii.223Mn2.44704  is  generated  due  to  the  deficiency  of  oxygen.  In 
the  present  study,  aiming  to  obtain  atomically  flat  LiMn204  sur¬ 
faces,  these  impurity  phases  do  not  seem  to  induce  serious 
problems  on  the  surfaces,  due  to  their  places  and  small  contents  in 
each  film. 

3.2.  Atomic  force  microscopy 

We  examined  the  surface  structure  and  roughness  of  the  formed 
(100),  (111 )  and  (111 )  LiMn204  films  by  AFM  as  shown  in  Fig.  3.  The 
structure  and  morphology  of  the  surfaces  are  greatly  dependent  on 
the  film  orientation.  The  (100)  film  surface  shown  in  Fig.  3(A)  has 
complex  morphology.  This  does  not  mean  that  the  (100)  film  is 
a  polycrystalline  or  microcrystalline,  but  the  crystal  surface  of  the 
(100)  film  itself  is  rough.  The  roughness  was  evaluated  as  0.3  nm  of 
Ra  value.  This  value  itself  is  not  so  large,  and  we  can  say  that  this 
surface  is  almost  atomically  flat. 

The  (110)  film  surface  shown  in  Fig.  3(B)  does  not  have  clear 
structure,  while  lines  running  diagonally  may  reflect  the  crystal 
character  of  the  LiM^CH  (110)  surface.  However,  the  roughness 
along  the  direction  crossing  the  lines  is  nanometer  scale,  and  it  is 
not  so  homogeneous.  This  may  be  caused  by  the  fact  that  the  sur¬ 
face  of  a  (110)  film  is  not  so  stable  as  that  of  a  (100)  film  [33]. 

On  the  other  hand,  clear  steps  and  terraces  can  be  seen  with 
high  regularity  on  the  surface  of  the  (111)  film  shown  in  Fig.  3(C). 
Fig.  3(D)  shows  the  surface  profile  along  the  line  in  Fig.  3(C).  A 
number  of  terraces  have  around  100  nm  width  with  roughness  less 
than  0.1  nm,  and  no  other  characteristic  constructions  are  observed 
on  the  terraces,  suggesting  that  we  could  prepare  the  atomically  flat 
surface.  On  the  line  profile,  steps  of  about  0.5  nm  height  are 
observed.  The  minimum  step  height  is  confirmed  as  about  0.5  nm 
in  any  places,  and  almost  all  higher  steps  have  the  heights  of  integer 
multiples  of  0.5  nm.  Thus  the  single  step  height  should  be  about 
0.5  nm  on  this  surface,  corresponding  to  the  {111}  interplanar 
spacing  (0.477  nm)  of  the  spinel  LiMn204  structure. 
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Fig.  3.  AFM  images  of  the  surfaces  of  the  (100)  (A),  (110)  (B)  and  (111)  (C)  films.  All  the 
data  was  acquired  at  scan  area  of  500  nm  x  500  nm.  The  surface  line  profile  is  shown 
in  (D)  for  the  line  A-B  in  (C). 

From  the  AFM  results,  we  can  conclude  that  the  LiMn204  (111) 
film  has  a  well-defined  atomically  flat  surface.  The  (111)  film  has 
the  best  quality  among  the  examined  films.  As  explained  above,  the 
(111)  film  has  no  impurity  Mn304  phase,  except  for  a  small  content 
of  Lii.223Mn2.44704.  All  these  points  can  be  understood  by  the  fact 
that  the  (111 )  surface  is  the  most  stable  in  a  LiMn204  crystal  [33].  In 
other  words,  a  LiMn204  (111)  film  is  easy  to  grow,  compared  to 
LiMn204  (100)  and  (110)  films. 


3.3.  Electron  energy-loss  spectroscopy  study  of  prepared  (111)  film 

Fig.  4  shows  EEL  spectra  of  the  prepared  (111 )  film.  The  film  was 
scratched  from  a  MnO  wafer  and  crashed  to  prepare  the  thin 
specimen.  EEL  spectra  were  acquired  from  Li -I<  edge  and  Mn-L  edge 
regions  to  investigate  the  chemical  components  and  chemical 
states  of  Mn  ions  in  the  prepared  film. 

In  the  Li-JC  edge  energy  region  spectra  shown  in  Fig.  4(A),  there 
exists  an  energy-loss  peak  at  60.7  eV  in  the  (111)  sample,  which  is 
also  observed  in  the  standard  LiMn204  powder  (purchased  from 
Nikki  Chemicals,  Co.)  and  Li2Mn03  powder.  Flowever,  the  Mn203 
sample  has  no  peak  in  this  energy  position.  Thus  we  can  say  that 
this  peak  is  not  caused  by  Mn  but  caused  by  Li.  The  intensity  of  this 
peak  in  the  prepared  film  is  similar  to  the  corresponding  peak  in 
LiMn204,  while  it  is  weaker  than  the  corresponding  peak  in 
Li2Mn03.  This  suggests  that  the  Li/Mn  component  ratio  in  the 
prepared  (111)  film  is  similar  to  that  in  LiMn2C>4,  and  is  lower  than 
that  in  Li2Mn03. 

The  chemical  state  of  Mn  in  the  (111)  film  can  be  examined  by 
the  Mn-L  edge  spectrum  shown  in  Fig.  4(B).  Here,  it  is  known  that 
the  shape  of  Mn-L3  edge  spectrum  is  varied  according  to  the 
valence  state  of  Mn.  This  feature  can  be  actually  observed  in  the  L3 
edge  spectra  of  Li2Mn03  (Mn4+)  and  Mn2C>3  (Mn3+).  The  spectrum 
of  Li2Mn03  containing  only  Mn4+  has  two  main  peaks  assigned  as 
No.  1  and  No.  3,  and  the  spectrum  of  Mn203  (Mn3+)  has  only  one 
peak  assigned  as  No.  2.  These  features  are  the  same  as  the  other 
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Fig.  4.  (A)  EEL  spectra  of  various  Li-Mn-0  samples  in  the  Li -I<  edge  region.  All  the 
spectra  were  normalized  by  the  Mn -M  edge  peak  intensity.  (B)  EEL  spectra  in  the  Mn-L 
edge  region.  All  the  spectra  were  normalized  by  the  L3  edge  peak  intensity. 

minerals  containing  Mn  [34].  On  the  other  hand,  LiMn204  con¬ 
taining  both  Mn3+  and  Mn4+  has  one  main  peak  at  No.  3  concerning 
Mn4+  and  two  shoulder  peaks  at  No.  1  and  No.  2,  concerning  Mn4+ 
and  Mn3+,  respectively,  as  observed  by  the  X-ray  absorption  study 
[14].  This  feature  is  also  observed  in  the  prepared  (111)  film.  From 
all  the  results  of  Li-JC  edge  and  Mn-L  edge  spectra,  we  can  conclude 
that  the  prepared  film  is  LiMn204. 

3.4.  Electrochemical  experiments 

Electrochemical  properties  of  the  prepared  film  were  inves¬ 
tigated  by  cyclic  voltammetry.  Fig.  5(A)  shows  three  cycles  of  cyclic 
voltammogram  for  the  electrode,  made  of  crushed  powder  of  the 
LiMn204  (111)  film,  with  a  scan  rate  of  0.05  mV  s-1  for  3.5V-4.5  V 
potential  region.  Two  pairs  of  separated  oxidation  peaks  at  4.05  and 
4.21  V,  and  reduction  peaks  at  3.91  and  4.06  V,  obviously  reflect  the 
two-step  reversible  intercalation  and  deintercalation  of  lithium 
between  LiMn204  and  X-Mn02.  The  ratio  of  the  anodic  peak  height 
to  the  cathodic  peak  height  (/pa//pc)  is  nearly  1  (0.91)  and  the  areas 
of  the  two  redox  peaks  are  almost  equal.  These  results  indicate  that 
the  intercalation  and  deintercalation  of  Li  ions  occur  reversibly  and 
that  each  reaction  occurs  as  the  two-stage  process.  Furthermore, 
the  CV  curves  of  the  three  cycles  are  all  similar,  indicating  good 
reversibility. 

Fig.  5(B)  shows  the  charge— discharge  characteristics  in  the  first 
five  cycles  at  a  constant  performance  rate  of  1/3.2  C  between  4.5 
and  3.5  V.  There  are  two  distinct  potential  plateaus  at  about  4.02 
and  4.15  V  in  the  charge  curves,  and  at  about  4.10  and  3.95  V  in  the 
discharge  curves,  respectively.  These  potential  plateaus  correspond 
to  the  redox  current  peaks  in  the  voltammetry  curves  in  Fig.  5(A), 
and  are  characteristic  of  the  LiMn204  spinel  structure  [2].  The 
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Fig.  5.  (A)  Three  cycles  of  cyclic-voltamograms  of  an  electrochemical  cell  with 
a  cathode  made  of  crushed  powder  of  the  synthesized  (111)  film.  (B)  Five  cycles  of 
galvanostatic  charge-discharge  property  of  the  synthesized  (111)  film. 

discharge  capacity  in  the  first  cycle  was  estimated  as  116  mAh  g_1, 
which  is  identical  to  the  result  of  conventional  UM112O4  spinel.  The 
capacity  at  the  fifth  cycle  is  113  mAh  g-1,  which  is  about  97%  of  the 
first  cycle,  indicating  the  stable  charge-discharge  cycle  property  of 
the  prepared  film. 

In  the  present  study,  crushed  powder  samples  made  of  the 
prepared  film  were  used  in  the  electrochemical  experiments.  Of 
course,  it  is  desirable  to  examine  the  electrochemical  properties  of 
the  prepared  film  directly  as  a  film  sample.  At  present,  it  is  not 
possible  to  perform  such  experiments,  because  of  the  low  electron 
conductivity  of  the  prepared  LiMn204  film.  We  have  tried  to  obtain 
the  galvanostatic  charge-discharge  curves  for  the  prepared  (111) 
film,  while  the  current  density  was  decreased  till  the  instrumental 
limit  due  to  the  low  conductivity.  Even  in  such  an  experiment,  the 
voltage  flat  was  observed  in  both  the  charge  and  discharge  curves, 
indicating  the  electrochemical  activity  of  the  prepared  film.  How¬ 
ever,  we  could  not  obtain  the  characteristic  two-stage  voltage 
profile  in  such  a  low  current  density.  Here  we  would  like  to 
emphasize  that  we  successfully  generate  highly-oriented  single 
crystal  LiMi^CH  (111)  films  with  atomically  flat  surfaces  and  with 
usual  electrochemical  activity  in  powder  forms.  The  present  tech¬ 
nique  should  open  the  way  to  investigate  both  the  surface  elec¬ 
trochemical  reaction  and  surface  structural  change  in  LiMn204  as 
recent  studies  of  Li4Ti50i2  [35]. 

4.  Conclusion 

We  had  successfully  prepared  spinel  UM112O4  single  crystalline 
films  on  MnO  wafers  by  conventional  solid-state  reaction.  We 
produced  films  of  about  150  pm  thickness  on  the  MnO  (100),  (110) 
and  (111)  surfaces.  Out-of-plane  and  pole-figure  XRD  techniques 
revealed  that  the  formed  films  are  highly-oriented  (100),  (110)  and 
(111)  spinel  single  crystals.  The  AFM  observation  revealed  that  the 


(111 )  film  is  well  crystallized  and  has  an  atomically  flat  surface  with 
steps  of  a  minimum  height  of  0.5  nm,  corresponding  to  the  {111} 
interplanar  spacing  in  spinel  LiMn204.  The  EELS  analysis  revealed 
that  the  prepared  (111)  film  has  the  Li/Mn  component  ratio  similar 
to  that  in  a  standard  LiMn204  crystal  sample,  and  that  the  film 
contains  both  Mn3+  and  Mn4+  similarly  to  LiMn204.  In  the  elec¬ 
trochemical  experiments,  the  crushed  powder  sample  from  the 
formed  film  is  really  active  for  reversible  Li  insertion/extraction  at 
about  3.9  V  and  4.1  V  vs  Li+/Li  as  usual  LiMn204.  Our  prepared  films 
should  be  effective  to  atomic-level  studies  of  electrochemical 
phenomena  of  LiMn204  surfaces  by  using  in-situ  or  ex-situ  SPM 
investigation  and  other  spectroscopic  or  microscopic  techniques. 
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